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ABSTRACT

The presence of Pseudomonas species in distilled water has been 

noted for some time. In double distilled water (.DDW) * Pseudomonas 

cepacia 1054 grows rapidly, produces high maximal cell densities 
(.10”* - 10^/ml) , and remains stable for periods of 9 to 12 months as 
do isolates of Pseudomonas aeruginosa. The extent of growth in double 
distilled water is variable, depending on pH, temperature, aeration 
and the availability of nutrients. When grown in DDW, the resistance 
of Pseudomonas species to chlorine is dependent upon pH, cultural age, 
time of exposure and concentration of chlorine. Moreover, organisms 
grown in DDW react differently to physical and chemical stresses than 

do .organisms subcultured on standard laboratory media.
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INTRODUCTION

' Pseudomonas species are characterized as gram-negative* aerobic* 
catalase and oxidase positive cheinoheterotrophs (S) » Some are faculta
tive chemolithotrophso Cells are generally small C0« 5-1 ]im x 1.5-4 pm) * 
straight or curved rods* and are usually motile by one or more flagella 
(.9) - They are among the most metabolically versatile organisms known* 
and are capable of utilizing at least 100 different organic compounds 
as sole sources of energy and carbon* including camphor * paraffin* 

naphthalene and steroids (.9* 59* 98) . Nutritional requirements are 

few and most do not require growth factors (9, 21). They are common 
inhabitants of soil and water* and have also been isolated from such 

diverse ecological habitats as antibiotic vials* detergents* fuels 
and renal dialysis machines (10* 30* 37* 38* 86, 104) .

At present* most hospitals utilize large amounts of sterile 
distilled water * particularly in respiratory inhalation devices. The bulk 
of this water is obtained in prepackaged doubly sealed containers. Al

though. it is considered sterile until opened (17)* there have been recent 
correlations between nosocomial infections* particularly gram-negative 
pneumonias* and distilled water. It has previously been reported (2) 
that contaminated neurosurgical equipment may be related to supposedly 
sterile water used for rinsing- Stanley (as cited by Ayliffe et al. *

2) reported cases of Pseudomonas aeruginosa induced meningitis 

following lumbar puncture and neurosurgery. Using Armstrong isolettes*
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Sever (95) demonstrated the presence of Pseudomonas aeruginosa in 
distilled water. Each isolette had a humidifying chamber in the base 
of the unit .and an oxifier high humidity attachment on the side.
Sever (95) compared the results of his studies on the humidifiers to 

those done with 1 gallon storage bottles. He found approximately 250 
organisms/ml in the stored water and 8 to 18 times that amount in the 
humidifiers.

The prevalence of Pseudomonas species associated with the use 
of high humidity was first suggested by Huffman and Einberd (as cited 
by Wilson et al,5 113). Wilson et al. (113) cultured Pseudomonas 
aeruginosa from presumably sterile solutions of penicillin, quaternary 
ammonium germicides, procaine, contact lens solution, ophthalmic 
fluorscein and sterile distilled water. Most of the cultures isolated 

by Leifson (64) from 36 different samples of stored and distilled 
waters were placed in the family Pseudomonadaceae.

Phillips et al. (84) isolated Pseudomonas aeruginosa from 

Smith-Clark ventilators. These ventilators were heavily contaminated, 
especially in the water bath humidifier and inspiratory tubing. Venti
lators disinfected with ethylene oxide were rapidly recontaminated.

It was only when the humidifiers were filled with a 1/5000 dilution 
of pure chlorhexidine digluconate (in distilled water) that recontami

nation was controlled. Prior to chlorhexidine use, 37% of 125 samples 

contained Pseudomonas aeruginosa; after its use, all of 111 samples 
tested were sterile. Although Phillips does not state what liquid was 

originally employed in the humidifier, it can generally be assumed to
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be distilled water„ Reinarz et al» (.90) have stated that the. associa
tion between the increasing incidence of gram-^negative bacillary 
pneumonias and widespread use of inhalation therapy (coupled with the 

apparent lack of association with other predisposing factors) suggested 
the potential role of inhalation therapy equipment in nosocomial, 

pulmonary infections. Most of the respirators tested by Reinarz et 
al. (90) utilized reservoir nebulizers. These reservoirs were filled 
with test solutions of distilled water, saline, detergents, propylene 

glycol or various combinations of the aforementioned. The reservoirs 
of these respirators generated large numbers of bacteria. Pseudomonas 

species being the predominant organism (90). Based on these experi
ments, it was proposed that the major source of contamination was the 
sterile water-filled reservoir nebulizer. Previously unpublished 
studies quoted by Edmondson (31) suggested that chlorinated tap water 

was a more effective retardant of bacterial multiplication in reservoir 
nebulizers than was sterile distilled water.

Unheated fine-particle humidifiers have been shown by Grieble 

et al. (48) to be a source of heavy environmental contamination and 
nosocomial, pulmonary infections. Each of the humidifiers tested 
propagated 6 x 10^ Pseudomonas aeruginosa organisms per day. Daily 
sterilization of the motor and reservoir with ethylene oxide was the 

most effective method of control. Phenolic disinfectants and dilute 
acetic acid showed little ability to completely sterilize the humidi

fiers. Earlier, it had been suggested that chlorinated tap water be 
used in place of sterile distilled water, according to Grieble et al..
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pseudomonas could survive at least a 24h. exposure to chlorine in 
distilled water. Charcoal filtered9 demineralized water was found 
the least suitable for the growth of Pseudomonas species (48).

Distilled water was considered in the past to be devoid of 
the nutrients and growth factors necessary for the existence of life.

In 1962, Leif son (64) observed that distilled water used by most 
laboratories usually comes from more or less open storage tanks. He 
also pointed out (64) that the air in and around these tanks apparently
carries and deposits into the water sufficient nutrients to support an\
extensive bacterial flora. Until 1971, it was generally assumed that 
when pseudomonas was found in distilled water it was simply surviving 
or else growing at a very slow rate. Favero et al. (2, 6) and Carson 
et al, (16, 34) found that pseudomonas grew at a rapid rate in distilled 
water. Furthermore, these organisms reacted to differing chemical 

stresses in a manner significantly different than those subcultured on 
laboratory culture media (17, 34, 35, 100). It was found that at room 
temperature (25°C), a population of pseudomonas could increase from 10^ 
to 10^ bacteria/ml in 24h in distilled water. Moreover, population 
densities of 10^ to 10^ cells/ml were maintained from 42 days to 1 year 

(17, 35) . It has been shown that these "naturally occurring" (NO) 

bacteria grow at a faster rate and reach a higher maximal population 
in distilled water that has been allowed to stand for a few days as 
compared to freshly distilled water (.34, 35) . It was assumed from this 
that the bacteria were utilizing organic compounds absorbed in the 

water during storage (35).
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When comparing natural isolates to subcultured (SC) populations, 
it has been shown that higher maximal populations are achieved by the 
NO bacteria. These subcultured cells also have a demonstrable lag 
phase not observed in NO populations (.16, 17, 35). Carson et al. (16) 

have also demonstrated differences between naturally occurring popula

tions and subcultured ones with respect to chemical disinfectants. As 
similarly noted by Favero et al. (35), Carson et al. (16) observed 
greater resistance by both naturally occurring and subcultured cells - 
in aged or ripened distilled water than in freshly distilled water.
Even exposure to fluorescent light changed the susceptibilities of the 
two different cultures to disinfectants, as did changes in temperature 
(16). Carson et al. (16) have.conjectured that subculturing pseudo
monads appears to induce a transformation which subsequently renders 
the bacteria more susceptible. It is not yet known if this involves a 
change in cellular chemical compositions or changes in cellular permea

bilities. Regardless of temperature or phase of growth, the naturally 
occurring cells were found to be consistently smaller than those which 

had been subcultured (17).
At high population densities, i.e., 10^ to 10^ cells/ml of 

Pseudomonas aeruginosa in distilled water, there is no visible turbidity 
(35). This coupled with, the fact that "naturally occurring" pseudomonas 

are physiologically capable of initiating immediate growth with essen
tially no lag phase could lead to a hazardous environmental situation 

in hospitals. These organisms could exist virtually without detection 

and act as amplifiable foci of contamination throughout a hospital. It
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must be considered^ that the distilling system itself may be adding 

trace amounts of volatile organic compounds, salts and metals through, 

adsorption, leaching of storage containers, or from improper or inade

quate cleaning of reservoirs and stock bottles. In addition to air, 
as hypothesized by Leif son (.64) , the lack of good aseptic technique 
in the transfer of solutions from one container to another may be the 
vehicle of contaminant inoculation. It is unlikely that sterile 

distilled water is the direct source of pseudomonas. It is, however, 
a good transportable growth medium for the propagation of these bacteria.

In light of the above, there is little question that growth of 
pseudomonas in distilled water is of considerable importance in noso
comial infections. In order to control this metabolically efficient 
example of ecological diversity more effectively within the nosocomial 
environment, it is necessary to further elucidate the mechanisms of its 

growth, within the vehicle of its dissemination, distilled water.
The purpose of this research was to study the growth patterns 

of "naturally occurring" versus "subcultured" Pseudomonas cepacia, as 
affected by media supplementation, temperature, air availability, pH

and chlorine resistance.



MATERIALS AND METHODS

Organisms
Pseudomonas aeruginosa was isolated from pneumonia induced, 

necrotic chest drainage. Material was centrifuged at 12,000 r.p.m., 4C 
and washed in filter sterilized double distilled water (DDW). Pure 
cultures were obtained by the extinction dilution method of-Pavero et al 
(.35) and confirmed by gram stain, oxidase and catalase reactions (4) »

Pseudomonas cepacia, strain 1054, in distilled water was ob
tained from Mo S. Pavero (National Communicable Disease Center, Phoenix, 
Arizona). Morphology, biochemical tests and growth in distilled water 
were previously reported (17). Upon arrival, the culture (in distilled 

water) was inoculated into fresh, filter sterilized DDW and also onto a 

trypticase soy (TSA) agar slant and plate. Cultures were tested for 

gram stain, oxidase and catalase reactions.
Both, of the above cultures were maintained in beaker covered,

125 ml Erlenmeyer flasks containing 50ml of filter sterilized DDW.

Stock cultures were incubated in the dark at 25C for 72h as stationary 

cultures.
Subcultures (SC) were obtained by inoculating a TSA slant with 

a stock DDW culture (NO) and incubated 48h at 37C. Five ml of sterile 
DDW was then introduced into the slant culture. The resulting suspen

sion was centrifuged 10 minutes at 12,000 r.p.m. and washed twice with 
5ml sterile DDW. Finally the cells were resuspended in 5ml of filter 
sterilized DDW.

7
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Culture Media and Methods

Laboratory distilled water was glass distilled and sterilized 
by passage through a Millipore HAWP 047-00, HA 0.45]i, plain 47imn 
sterile filter» As determined by the use of a New Brunswick Oxygen 

Analyzer, fresh DDW contains 2.7pg/ml of dissolved oxygen and aged DDW, 
i,e., water stored at least 7 days in a glass stoppered bottle contained 
loSByg/ml of dissolved oxygen. Sterilized DDW was used as growth media 

and for dilution blanks.

Trypticase soy agar (TSA) , formulated according to the Baltimore 
Biological Laboratory (7), was used for colonial observation, viable 
plate counts and subculturing.

Growth was quantitated by total microscopic and viable plate 
counts. Total counts were estimated using the method of Meynell (70) 
with a Hawksley B.S, 748 Standard Counting Chamber and phase-contrast 
microscopy. The spread plate method was used to determine numbers of 
viable cells. Duplicate 0.1ml diluted cell suspensions were spread onto 

TSA plates to yield 30-300 colonies. Plates were incubated in the dark 
for 72h at 37C and colonies were counted on an A.O. Spencer Darkfield 

Quebec Colony Counter. The method of Pelczar and Reid (83) was used to 

calculate the generation time.

Glassware

All glassware for reactions and growth studies was washed in a 
Heinicke, model HW 5000 laboratory glassware washer (5 minutes, 200F) 
with Alconox detergent, rinsed thoroughly in tap water and distilled 

water, submerged in a 18M H^SO^-KNO^ solution and placed in an Arnold
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Steam oven for Ih.. Subsequently5 the glassware was thoroughly rinsed 
with distilled water9 DD¥S hot air dried and sterilized by dry heat. 
Glass pipettes used for all transfers and dilutions were similarly 
treated, Although Carson et al. (17) showed no distinct differences 
in growth, due to cleaning methods, it was felt that rigorous cleaning 
methods were desirable for studies of this nature.

DDW Supplements
Organic compounds used to supplement DDW culture media included: 

1) absolute ethanol .(U,S. Industrial Chemical Co.), 2) glycine (Sigma 
Chemical Co.) and 3) sodium acetate (Mallinckrodt) . All three compounds 
were dissolved in DDW and, in turn, diluted appropriately in sterilized 

DDW. Solutions were sterilized either by autoclaving or by filtration 
through, a Millipore HAWP 047-00, HA 0.45]i, 25mm sterile filters.

In order to test the affect of NH^ on growth, a 1M solution of 

(NH^)2SO4 was prepared using DDW as the solvent. In order to test the 
affect of sulfate on growth, MgS'O^ was used. The sulfate concentration 
was equivalent to that found in (NH^^SO^. The ratio of sulfate to 
(NH^)2^0  ̂is approximately 0.798. Since an approximate difference of 
1% in sulfate content exists between (NH^^SO^ and MgSO^, it was assumed 

that this difference was negligible. Therefore, a 1M solution of MgSO^ 
was prepared. One molar solutions of K^HPO^ and KH^PO^ were also pre

pared. Enough 1M KH^PO^ was added to 1M K^HPO^ to adjust the final pH

to 7.
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Carbon dioxide was. added as that quantity of NaHCO^ which, would 
yield in solution an amount of CO^ equivalent to that of the air, i.e.,
3 350ppm ± <10%, as determined by the University Analytical Center, 
Department of Chemistry, University of Arizona, Tucson, Arizona* Based 

on this analysis and, in turn, the q-coefficient of CO^ (52), it was 

calculated that the final CO^ concentration in solution was approxi

mately 0.1%,
In order to test the effect of chlorine on the growth of 

cepacia in DDW, chlorine demand free water was prepared according to 
Standard Methods (89). The ammonium-nitrogen content of the source 
water was determined beforehand (22, 82). This water was tested for 
chlorine demand/free chlorine residual (O.Olppm) both as outlined by 

Standard Methods (89), as well as by the use of a Fisher Model 393, Cl 
Titrimeter (precision ± O.OSppm Cl, with a sensitivity of O.Olppm Cl). 
DDW was also tested for free residual chlorine by titration with the 
Fisher CL Titrimeter (0.04ppm) and by the procedure outlined in Standard 

Methods (89). DDW was used for all Cl dilutions as well as for the 
basal growth medium, since it was used as a chlorine demand f^ee 

reference (.54) .

Growth Studies
Pseudomonas cepacia was grown in DDW and DDW supplemented with 

various organic and inorganic compounds. Organic supplements at fin^l 

concentrations of lOOyM, ImM and lOmM included ethanol, sodium acetate 
and glycine. Inorganic supplements included: (NH^^SO^, lOyM-pH 7.70,
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lOOyM-pH 7• 755 ImM-pH 7.11, lOnM-pH 7.27 and IQOmM-pH 5.12; MgSO^, 
100yM-pH 7.90, ImM-pH 7.75, lOmM-pH 7.50 and lOQmM-pH 7.26; and 

K2-KH2P04 -CpH 7), 100yM~pH 7.36, ImM-pH 7.34, lOmM-pH 7.32 and lOOmM- 
pH 7.09. The organism was cultivated in test tubes (10ml medium 
volumes), at initial inoculum densities of 100 cells/ml. Cultures 
were incubated under stationary conditions in the dark at 25C. Al
though the latter temperature was selected arbitrarily to approximate 
ambient room temperature, effect of temperature (25, 35, 37, 39, 41C) 

on growth was determined both in DDW and trypticase soy broth (TSB,
BBL). Samples were removed at times indicated, and viable plate^counts 
were determined. In some cases pH was measured and cell sizes deter
mined .

In addition, the organism was grown under various atmospheric 

conditions. These included: 1) aerobic, stationary conditions and

2) anaerobic conditions. In the former case, the organism was grown 
in 125ml Erlenmeyer flasks containing 50ml filter sterilized DDW. In 

the latter case, the organism was grown either in DDW alone or DDW 
supplemented with 0.5% KNO^ in 50ml glass stoppered bottles completely 
filled with medium. The DDW was boiled at least 15 minutes and cooled 

immediately prior to inoculation. In addition, the organism was culti
vated anaerobically in 50ml DDW in 125ml flasks within a BBL GasPak 
Anaerobic System. For control purposes, the organism was also culti
vated in TSB and on TSA. „ Bacteroides vulgatus (ATCC P432) was included 

as an anaerobic control. Samples were removed at times indicated and 
viable cell numbers were determined.
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Since room air may contain substances, in addition to oxygen 

which, may enhance growth, in DDW, the following experiment was done.

Glass wool filtered air was bubbled through, solutions of 1M KMn0^9 
1M H^SO^ and NaOH9 in sequence into 125ml Erlenmeyer flasks containing 
50ml DDW. Flasks were purged for 30 minutes prior to inoculation.
After 48h incubation9 flasks were sampled9 viable cell numbers were 
determined and the following supplements were added: NaHCO^*

(NH^)2S04* NaHCO^ + (NH^)2S°4 * glycine and glycine + NaHCO^o Incuba
tion was continued an additional 48h. Samples were removed at 24 and 
48h post-supplementation for viable plate count and pH determinations.

The effects of chlorine disinfection on growth were studied by 
inoculating 1ml of a 216h DDW culture (100 cells/ml final concentration) 
into test solutions of DDW and DDW combined with the following concen
trations of calcium hypochlorite: 0.52ppm9 pH 9.06; 1.04ppm9 pH 8.99;

2.08ppm9 pH 8.92; 3.12ppm9 pH 8.88; and 4.16ppm9 pH 8.46. At the 

sampling times indicated9 the action of chlorine (Cl) was neutralized 
by addition of 0.025N Na^S^O^ (89). Samples were placed in an ice 
water bath until viable plate count determinations could be made. Stor
age time did not exceed 30 minutes.

The chlorine resistance of NO cells was compared to that of SC 
cells by inoculating two different 125ml Erlenmeyer flasks containing 

50ml DDW and incubating them under stationary conditions in the dark at 
25C for 72h. Samples were removed and inoculated into chlorine test 

solutions (.4.29 3.19 2.1 and 1.04ppm residual chlorine) for 159 309 60 
and 120 minutes. Chlorine was neutralized by addition of Na^S^O^ and
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samples were held in an ice water bath, until viable plate count determi
nations could be made. Motility was determined at each sampling inter
val by phase microscopy and by the methods of Baily and Scott (.4) and 
Carpenter (15)„

The * affect of culture age on chlorine sensitivity was also 

determined. In one experiment a DDW culture was sampled at various 

times for 192h, viable plate counts were made and 1ml samples from each 
time interval were added either to 1ml DDW or 1ml Cl test solutions 
which contained 1.5 and 3.Oppm residual chlorine,, respectively. These, 
in turn, were incubated in the dark at 25C. At 0, 15, 30, 60, and 120 
minute intervals, chlorine was neutralized by addition of Na^S^Og, and 
samples were stored in an ice water bath until viable plate count deter
minations could be done. In a second experiment, replicate fernbach 
flasks containing 1500ml DDW were treated as follows. Two flasks were 
inoculated with either NO or SC cells and two flasks served as uninocu
lated controls. After 3 and 9 days incubation, respectively, chlorine 

at a final concentration of 3ppm (free residual) was added at times 
indicated. Samples were removed and viable plate counts and free, 

combined and total residual Cl were determined.

Electron Microscopy
Electron microscopy was done under the supervision of W. R. 

Ferris, Ph.D., Department of Cellular and Developmental Biology, Univer
sity of Arizona, Tucson, Arizona. A Phillips EM-200 electron microscope
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was used. Samples were placed on both, copper and carbon grids and were 
negatively stained with. 2% sodium phosphotungstate (pH 7.0). All 

electron micrographs were taken at a magnification of 9 900OX.

Water Analysis
Analysis of water samples was carried out by the University 

Analytical Center, Department of Chemistry, University of Arizona, 
Tucson, Arizona. Samples were analyzed for Na, K, Ca, Mg, Fe, Mn, SO^, 

PO^, NH^, NO^ and total,organic carbon (TOC) content. Samples analyzed 
included: 1) fresh filter sterilized DDW (uninoculated) , 2) filter
sterilized DDW, aged 216h at 25C in an acid washed, hot air, sterile 
125ml Erlenmeyer flask covered with a beaker (surface:volume ratio 2.5) 
and 3) filter sterilized DDW, 216h post-inoculation with P_o cepacia 
(aerobic, stationary culture, 25C). All of the above samples were from 

the same lot of glass distilled water.



RESULTS

Isolation and Characterization 
of Pseudomonas aeruginosa

Pseudomonas aeruginosa isolated in pure culture in DDW using 
the extinction dilution technique of Favero et al. (35) gave a strong 
alkaline reaction in acetamide broth9 produced fluorescence in aspara
gine broth9 produced a chloroform soluble pigment (pyocyanin) in 
pseudomonas-p broth and was catalase and oxidase positive. The bacteria 
were gram-negative rods, singly, in pairs and in chains of 3 or more 
cells. Phase contrast microscopy revealed,single rods exhibiting 
motility similar to that described by Brock (8) for polarly flagellated 
bacteria.

Colonies from DDW growing on TSA were creamy white, convex, 
smooth and glistening. In contrast, colonies from TSB plated on TSA 

were flat, white and smooth.
DDW cultures produced no turbidity and had the same optical 

density as DDW when measured with a Klett-Summerson Photoelectric 
Colorimeter No. 800-3 (540nm green filter and a 640nm red filter).

Growth of Naturally Occurring (NO) and 
Subcultured (SC) Pseudomonas aeruginosa in DDW

Pseudomonas aeruginosa grew well in DDW. Total microscopic 

counts exceeded viable counts by one order of magnitude. Figure 1.

There was little difference in the growth kinetics between NO and SC

15
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Total Microscopic Count 
O NO 
•  SC

Viable Plate Count 
□ NO 
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120 168
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Figure 1. Growth of NO and SC Pseudomonas aeruginosa in DDW at 25C.
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cultures„ Maximal viable cell populations of approximately 10^ 

bacteria/ml were obtained in both cultures.

Growth of Pseudomonas cepacia 
in DDW and DDW Supplemented 

with Organic Compounds
Growth of Pseudomonas cepacia in DDW is shown in Figure 2.

The organism grew exponentially for 24h, had a generation time of 1.98 

± 0.35h and produced a maximum culture density of 10^ cells/ml. When 
grown in DDW supplemented with ethanol, glycine or sodium acetate, 3?. 

cepacia attained significantly higher growth rates and maximal popula

tions, Table/T. There was little, if any, difference in generation 
times with changes in supplement concentration. Glycine enhancement 
was greatest at a concentration of lOmM. This can be compared to the 
maximal enhancement of l.OmM sodium acetate and lOmM absolute ethanol. 
Table 1. Of the three compounds examined, sodium acetate produced the 

largest population in 48h, i.e., 2.9 x 10  ̂ cells/ml.
No difference in cell size was detected between cells from DDW 

cultures and cells from supplemented cultures. However, general cell 

length did decrease with increasing incubation times. For Example, 
ethanol enhanced cells decreased from 2.88y to 2.54y in 48h.

Determination of the Optimal 
Glycine Concentration for the 
Growth of Pseudomonas cepacia

Since an amino acid offers both a carbon and a nitrogen source, 

the optimal concentration of glycine for growth was determined. Figure 
3. Except for the lOOyM concentration, the maximal glycine induced
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240

Figure 2. Growth of Pseudomonas cepacia in DDW at 25C.



Table 1. Viable recoveries of cepacia at 25C in DDW supplemented with varying concentrations 
of ethanol, glycine and sodium acetate.

Supplement

None

Ethanol
lOmM
ImM

lOOpM
Sodium Acetate 
lOmM 
ImM 

lOOyM

Glycine
lOmM
ImM

lOOyM

0

5.4 x 10^

5.4 x 102
5.4 x 102
5.4 x 102

5.4 x 102
5.4 x 102
5.4 x 102

5.4 x 102
5.4 x 102
5.4 x 102

______Time(h)
12

1.2 x 106 1.5 x

3.4 x 106 2.1 x
7.1 x 106 1.9 x
7.7 x iq6 1.2 x

1.9 x 10  ̂ 9.4 x
7.8 x 10^ 1.4 x
3.1 x 106 5.3 x

9.9 x 105 6.8 x
1.8 x 10^ 6.4 x
1.1 x 106 1.7 x

24

106 ± 1.0

107 ± 1.1 
107 + 1.0

± 1.5

10
10
10

6

6

6

48

9.9 x 105

1.3 x 107 
1.5 x 107
1.8 x 107 ± 1.1

8.7 x 106
2.9 x 107 + 2.5 
2.1 x 107 ± 2.3

2.8 x 107 ± 1.3
7.8 x 106 ± 1.2 
3.7 x 106 ± 1.5

Gt(h)

1.98 ± 0.35

1.36
1.36
1.25

1.46
1.25 .
1.38

1.59
1.48
1.58
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densities were significantly higher than that of the unsupplemented DDW 
control o No growth was observed at lOOmM and 1M glycine <> As the con^ 
centration of glycine in uninoculated media was increased, the pH 
decreased from 6.9 to 5.9. After 96h growth, pH increased (6.2 to 7.7) 

with increased glycine concentration (0 to lOmM). There was also a 
rapid decrease in pH from 7.7 at IQmM glycine to 6.2 and 6.1 at lOOmM 

and 1M glycine, respectively.

Growth of Pseudomonas cepacia 
in DDW Supplemented with 

(NH4)2SO4, MgS04 and K2-KH2PO4
To ascertain whether or not the results reported above reflected

growth stimulation by either the carbon source alone or the nitrogen

source alone, or by a combination of both, IP. cepacia was grown in DDW
containing varying concentrations of (NH^^SO^. The organism was also
grown in DDW supplemented with varying concentrations of MgSO^ to insure

— — —that any results attributed to NH^ were not due to SO^ stimulation. 
K^-KH^PO^, pH 7.0, was also used as a growth supplement at varying 
concentrations. Data are shown in Table 2.

With the exception of the 100mM(NH4)2SO4 supplemented culture, no 
significant differences were found between maximal populations of 

(NH^) 2S04» MgSO^ and supplemented cultures and the unsupple
mented DDW control. With lOOmM (NH^)supplementation, growth 
ceased after 8h incubation and viability decreased markedly. This 

appeared to be either a pH effect and/or a concentration effect. The 

initial pH of lOmM (NH^^SO^ was 7.27 and the pH of lOOmM (NH^^SO^



Table 2. Viable recoveries of P_. cepacia at 25C in DDW supplemented with varying concentrations 
of (NH4)2S04, MgS04 and K2-KH2P04.

Supplement

None

(n h4)2so4
lOOmM
lOmM
ImM

lOOpM

MgS04
lOOmM
lOmM
ImM

lOOyM

V KH2P04
lOOmM
lOmM
ImM

lOOyM

1.2 x 1065.7 x 102

5.7 x 102
5.7 x 102
5.7 x 102
5.7 x 102

5.7 x 102
5.7 x 102
5.7 x 102

25.7 x 10

5.7 x 102
5.7 x 102
5.7 x 102
5.7 x 102

1.5 x 10^
6.8 x 105 
6.4 x 10^

9.1 x 105
6.9 x 105
5.6 x 105
5.9 x 105

3.0 x 105
1.1 x 106
5.2 x 105
4.7 x 105

1.4 x 10^

3.0 x 104
1.5 x 106
1.3 x 106
7.1 x 105

1.2 x 106
1.2 x 106 ± 1.2
5.8 x 105
5.8 x 105

3.8 x 105
1.6 x 106
7.9 x 105
7.4 x 105

1.7 x 106 

0
2.2 x 106
1.2 x 106
1.1 x 106

1.4 x 106
8.4 x 105
7.4 x 105 
4.9 x 105

7.0 x 105
1.2 x 106
8.0 x 105
8.8 x 105

± 1.3

± 1.0 

± 1.1

± 1.1

1.4 x 106 1.98 ± 0.35

0
2.1 x 106 1.52
1.3 x 106 ± 1.2 1.69
1.0 x 106 1.71

1.7 x 106 ± 1.1
1.2 x 106 1.68
6.8 x 105 1.73
7.8 x 105 ± 1.2 1.72

1.0 x 106 ± 1.6
1.8 x 105 ± 1.2 1.57
1.1 x 106 ± 1.4 1.76
7.3 x 105 1.78
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was 5ol2e No significant pH changes were noted for either MgSO^ or 

K^-KH^PO^ supplemented cultures. Since the concentration of SO^- 

in MgSO^ was approximately equivalent to that in (NH^) 2^49 it was 
assumed that the addition of nitrogen9 sulfate or phosphate alone was 
insufficient to stimulate growth„ Maximal growth was significantly 
higher in DDW supplemented with organic compounds than in DDW supple
mented with inorganic compounds„

In comparison to the generation time of DDW cultures' (.1.98 ± 
0.35)9 supplemented cultures 'exhibited more rapid growth rates. This 
was particularly true for those supplemented with carbon sources. 

Tables 1 and 2.

The Role of Oxygen in the 
Growth, of Pseudomonas cepacia

When P_. cepacia was grown in DDW under aerobic and anaerobic 
conditions and in DDW supplemented with KNO^, maximum populations of 

9.5 x 10~* ± 2.8, 7.9 x 10^ ± 1.8, and 1.6 x 10^ ± .57 respectively, 
were attained. Figure 4. During the first 72h of incubation, viability 
of the anaerobic culture decreased markedly to fewer than 1 viable cell 
per 0.1ml inoculum plated.

Using a strict anaerobe and anaerobic indicator strips as con
trols , liquid (DDW and TSB) and solid (TSA) cultures were used to 
further test apparent anaerobic growth. Bacteriodes vulgatus grew 

well on TSA slants in GasPak Anaerobic System jars. Pseudomonas cepacia 
grew aerobically on TSA, but did not grow anaerobically. Moreover, 72h
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anaerobic TSA cultures did not grow when shifted to aerobic conditions.. 

In contrast 9 ]?. cepacia grew both, aerobically and anaerobically in DDW 
and TSB, Figure 5. It appeared that liquid media, even after boiling 

for 15 minutes9 contained enough dissolved oxygen to support growth.
Forced aeration significantly enhanced growth. For example, 

maximum populations of 1.2 x 10^ ± 0.8 and 3.2 x 10^ ± 0.7 viable 
bacteria/ml were attained in stationary aerobic DDW cultures and 
aerated DDW cultures, respectively. ,

It has been previously proposed (17 9 35) that Pseudomonas
species grow in distilled water at the expense of absorbed carbon
compounds. In order to test this hypothesis, DDW cultures were
aerated with treated air, i.e., air passed through 1M solutions of

KMnO,, HoS0, and NaOH to remove volatile sources of carbon and nitro- 4 2 4
gen, and untreated room air. As shown in Figure 6, there was no 
significant difference between cultures grown with either room air or 
purified air after 96h incubation.

Effect of Temperature on the Growth 
of Naturally Occurring (NO) 

and Subcultured (SC) Pseudomonas cepacia
Naturally occurring and subcultured cells were cultivated at 

25, 35, 37, 39 and 41C. Double-distilled water cultures reached maxi

mal densities of approximately 10^ cells/ml in 24h at 35, 37, 39 and 
41C. At 25C, however, there was a short lag phase and the maximal 
density was attained in 24 h. Subcultured TSB .cultures produced
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Open Symbols DDW Cultures 
Closed Symbols TSB Cultures

o , #  Aerobic 
A ,▲ A naerobic

Time (h)

Figure 5. Growth of Pseudomonas cepacia in DDW and TSB under 
Aerobic and Anaerobic Conditions.



•  Room Air 
a Purified Air

72
Time (h)

Figure 6. Growth of Pseudomonas cepacia Aerated with Filtered Room 
Air and with Filtered Air Treated by Sequential Passage 
through KMnO^, and NaOH.
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8maximal cell densities of approximately 10 cells/ml within 72h at all 

temperatures. Those cultures grown in TSB grew to higher maximal 
populations than those in DDW, regardless of temperature.

Effect of Cultural Conditions 
and Time on the Motility 
of Pseudomonas cepacia

Previously (17)9 it was proposed.that Pseudomonas cepacia 
grown in commercially distilled water at 25 and 37C were immotile and 
lacked flagella. Phase microscopy of cells grown in unsupplemented DDW 
at 25C revealed a tumbling-like movement for paired cells and rapid 
random movement for single cells. Motility appeared to be affected by 

time, i.e., cells were motile up to 120h of growth, but were stationary 
after 144h. of growth.

Electron micrographs of late log phase cells grown in DDW 
(Figure 7a) or DDW supplemented with ImM sodium acetate (Figure 7b) 

and lOmM glycine (Figure 7c), showed polar flagella. Cells grown in 
TSB and DDW supplemented with lOmM ethanol were without flagella 

(Figures 7d and 73).
It has also been proposed (17), that regardless of growth 

phase, naturally occurring cells were smaller than subcultured cells. 

There appeared to be no difference in size between those cells grown 
in TSB and those grown in DDW or DDW supplemented with sodium acetate, 
ethanol and glycine. Cells grown in TSB measured 0.61y x 1.3y, and 
cells grown in DDW measured 0.57y x 1.5y. Cells grown in DDW supple
mented with sodium acetate, ethanol and glycine measured 0.5y x 2.0y, 

0.69y x 1.7y, and 0.61y x 1.7y, respectively.



Figure 7. Electron Micrographs (9000x) of Pseudomonas cepacia 
Grown for 18h. in (a) Unsupplemented DDW, (b) DDW Supple~ 
mented with lmM Sodium Acetate, (c) lOmM Glycine and 
(e) lOmM Ethanol; and (d) TSB. 
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Water Analysis
Double distilled water appears to contain those nutrients 

necessary to initiate and support growth, of P_«, cepacia. For this 

reason, in part, it was of interest to analyze DDW for inorganic and 

organic constituents before and after cultivation for varying periods 
of time. Analyses were carried out on "fresh”, "aged" and 216h post
inoculation filtered DDW. Results are shown in Table 3,

Storage of filter sterilized DDW for 216h results in increases 
in Na, K, S0^, PO^ and NH^ and decreases in Ca and Mg. Little, if any, 
changes occurred in Fe, Mn and TOC concentrations. After 215h post

inoculation, however, concentrations of components analyzed showed
further changes, For example, Na+ concentration increased approximately

• {— — two-fold, Ca increased three-fold, SO^ - decreased two-fold, P0^
decreased three-fold and increased three-fold. Changes in concen

tration of inorganic and organic constituents in the 216h DDW culture 
filtrate presumably reflects those changes induced by growth of P_. 

cepacia.

Effect of Chlorine on the Viability 
of Pseudomonas cepacia

It has been determined that NO cells of Pseudomonas aeruginosa 

are more resistant to CIO2 than cells subcultured on TSA (SC; 16). 
Chlorine resistance of J?. cepacia grown in DDW or subcultured on 

artificial medium has not, however, been determined. In order to 
assess relative resistance, cepacia was cultivated 48h on TSA



Table 3. Water analysis of fresh versus aged uninoculated DDW as compared to DDW 216h 
post-inoculation with Pseudomonas cepacia.

Na
Ug/ml

K Ca Mg Fe Mn TOC SO^ PO^ NH^ NO^

Fresh Filter- 
Sterile DDW 0.46 0.13 0.21 0.06 <0.10 <0.04 3.00 <0.40 <0.18 0.18 <0.20

216h Filter-
Sterile DDW 0.72 0.22 0.07 0.04 <0.10 <0.04 3.00 2.20 1.40 0.58 <0.20

216h Post-inocula
tion Filtered DDW 1.20 0.17 0.24 <0.02 <0.10 <0.04 3.90 0.92 <0.40 0.99 0.71<0.40 0.99 0.71
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slantso Growth was washed from the slants with DDW and the suspension 

was adjusted to a cell density equivalent to that of a washed 216h_

DDW culture. Both the NO (DDW) culture and the TSA derived CSC) DDW 

suspension were incubated an additional 72h and samples were placed 
in tubes containing various concentrations of free residual chlorine 
ranging from approximately Ippm to 4ppm (final concentration) for 
varying periods of time. Results are shown in Figure 8. Subcultured 
cells were not affected by chlorine at concentrations up to and in
cluding 3.12ppm Cl. At 4.16ppm, no viable cells could be detected 
after 15 min exposure. In contrast, viability of NO cells decreased 

markedly, e.g., after 15 and 60 minutes exposure to 4.16ppm and 3.12ppm 
Cl, respectively, no viable cells were detected in replicate 0.1ml 
samples, plated. Since in both of the above cases stationary phase 
cells were used, the effect of Cl on cells of differing culture ages 
was examined further. Pseudomonas cepacia was grown in DDW, samples 

-were removed at 24h intervals, and, in turn, exposed to Cl concentra
tions of 1.5 and 3.0ppm as described. Results are shown in Figure 9. 
Cells from cultures ranging in age from Oh to 172h were sensitive to 
both concentrations of chlorine tested. After 192h DDW cultivation 
however, cells were insensitive to 1.5ppm chlorine for Ih.
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Closed Symbols DDW Cultures

Open Symbols DDW Cultures 
Subculture on TSA

O,# 0 .0 ppm Cl 
a,A 3.12 ppm Cl 

4.16 ppm Cl

Time (Min.)
Figure 8. Effect of Free Residual Chlorine on the Viability of

Naturally Occurring (NO) and Subcultured (SC) Pseudomonas 
cepacia.



34

O O.Oppm Cl 
A I.Sppm Cl 
□ 3.0 ppm Cl

30 60 120 '30 60 120
Time (Min.)

30 60

Figure 9. Effect of Cultural Age on Chlorine Resistance of 
Pseudomonas cepacia.



DISCUSSION

"Naturally occurring” (NO) bacteria have been defined (2) as 

those organisms never exposed to artificial media, i.e., these cells, 

have been maintained and cultured solely in the medium from which they 
were first isolated. "Subcultured" (SC) bacteria may alternatively be 

defined as those cells removed from their natural environment or eco
logical niche, and subsequently grown on a synthetic medium. Previous 
studies (.16, 34, 35) have shown a distinct difference in growth rates 

between NO and SC populations.
Pseudomonas aeruginosa isolated from purulent lung drainage 

inoculated into and maintained in double distilled water (DDW) did not 
demonstrate a difference in growth rates between NO and SC populations. 
No lag phase was noted for either SC or NO populations. Both cultural 

types increased to approximately 10^ cells/ml within 24h.
My strain of I\ aeruginosa was definitely different in growth 

rate and maximal cell density than that isolated by Favero (.35) , Under 
the definition presented here, this organism must be considered "sub
cultured" and not "naturally occurring" since its ecological niche, 
pulmonary drainage, was not used for culturing and cultural maintenance. 

Differences in cultural characteristics between this strain and those 
previously reported (16, 34, 35) should not; then be unusual, but rathef 

expected. As implied by Carson (16), those characteristics ascribed to 
an organism isolated and maintained on media other than that of its

35



36

natural habitat may be quite different from those of the true wild 

type. In this instance DDW would merely represent a step-down or 

nutritionally depleted medium as compared to ISA.
As the organism, in time, becomes more adapted to its environ

ment, the., greater the efficiency of metabolism (25). This possible 
change in metabolism was not, however, noted in the growth rate. As 
indicated in Figure 1, the growth of the NO culture peaks between 24 
and 72h. Within 216h, the NO bacteria have declined to the stationary 
level of the SC bacteria. This would tend to indicate (25) a depletion 
of some nutritional component.

In order to evaluate the growth, of Pseudomonas species in DDW, 
it was decided that the use of a previously characterized species and 
strain of bacteria was in order. Pseudomonas cepacia, strain 1054 was 
obtained for this purpose. This organism was shown (17) to produce a 

short lag phase, a five log^Q increase population size within 48h, 
and a generation time of 3h in sterile commercially supplied distilled 
water. In contrast, this same organism increased four logs^Q (genera

tion time of 1.98h) in population size with a noticeable lag phase in 
DDW as seen in Figure 2. Definitively, the two growth mediums are 
different, i.e., the former was sterile, commercially supplied, 
distilled water, while the latter was filter sterilized, laboratory 

glass distilled water. This alone may be sufficient to explain the 
differences found in the growth rate, i.e., one form of the two 
different kinds of distilled water (from heterogenous sources)
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may confer a selective growth, advantage on the organism (JLQ2 and 112), 

According to Dean and Hinshelwood (25) , however^ the growth rate is 

much more subject to the extent of adaptation, rather than the in

fluence of the growth, menstrum.

Pseudomonas cepacia, a nutritionally versatile organism, is 

capable of using 95-105 varieties of* organic compounds as sole sources 
of carbon (9), When cultivated in DDW enriched with organic sources 
of carbon and nitrogen, _P, cepacia showed enhanced growth. The concen
trations of ethanol, sodium acetate and glycine at which maximal 
growth occurred reflect the efficiency with which the organism may 
be able to metabolize these materials. As noted in the results (Table 
1), glycine and ethanol were required at much higher concentrations 
than was acetate to induce a maximal population density. Ethanol can 
generally produce a form of reducing power when used as a growth 
substrate (26, 63, 68, 71, 103), while acetate usually requires energy 
for metabolism (63, 68, 71). Bacteria using acetate as a sole source 
of carbon usually use the glyoxylate pathway (63, 72, 100), conserving 

carbon (63). The major pathway of glycine metabolism yields both C0^ 

and NH^+ along with. N^,N^^-methylene-tetrahydrofolate (63, 71, 103, 

112).
According to Stanier et al. (98), 90% of Pseudomonas cepacia 

(multivornas) strains tested could utilize acetate, 10 strains could 
use ethanol and none of those tested metabolized glycine. Glycine 
was apparently assimilated according to the data presented in Table 1.



Since glycine supplies both, a carbon source and a nitrogen source, it 
would appear to be the most efficient supplement, except that it had 

the longest generation time.
As noted in the results (.Figure 3) , variances in growth at 

lOOmM and 1, OM concentrations of glycine appear to be the effect of 
pH at those concentrations, Powell (as cited by Dawson, 24) states 

that changes in population size may be the result of environmental 
changes, e,g., low pH, Since glycine is a dibasic acid in strongly 
acidic solutions (JL) , the drop in pH as concentration increases is 
not unusual. Changes occurring in pH with time and glycine concen

tration may indicate an alteration in the ongoing metabolic process 
as described in Halvorson (as cited by Grossowicz et al. , 49) , The 

final maximal populations appeared to be unaffected by pH changes with 
concentration, However, the reported concentrations of lOOmM and 

1,0M inhibited growth.. Acidic pHs similar to those at these concentra
tions have been found to inhibit growth (.25) . Previous work (25) has 
indicated that pH may affect the availability of nutrients, but not 
their supply, i.e,, enzyme activities are greatly dependent on pH 
effects.

The additions of NH^+ , SO^ and PO^ sources appeared to

have little influence on the overall growth response of P̂. cepacia

as indicated in Table 2. This is not surprising, since none supply a
source of carbon. Pseudomonas cepacia, strain 1054, is a nondenitri-

4-fying bacterium (17) ; therefore, the addition of NH^ would have
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little effect on energy metabolism when compared to its effect on 

denitrifying bacteria (.269 72, 100). However? anaerobically grown 

cultures of Pseudomonas cepacia, supplemented with KNO^ had growth- 
kinetics and maximal densities similar to unsupplemented aerobic 
controls (Figure 4).

Assimilation of ammonia is limited to a few key pathways, elg., 
the synthesis of amino acids (68, 72, 100). Once is assimilated,
it may serve as an amino nitrogen contributor by way of transamination 
to keto acid precursors, e.g., that of glutamate, the major bacterial

4-pathway for NH^ utilization (72) . According to Magasanile et al. , 

Senior and Prusiner (.67, 88, 94), organisms containing the NADP™ 
linked glutamate dehydrogenase and the glutamine synthetase-glutamate

4-synthase systems assimilate NH^ dependent on concentration, i.e. at 

high concentrations the NADP-linked glutamate dehydrogenase system is 
functional, and at low concentrations the glutamine synthetase- 
glutamate synthase system is operable.

It has been reported (37) that the ability of cells to grow in 
nitrogen-poor media is not related to abnormally low cellular proteins 
or nitrogen levels. In Pseudomonas species the low levels of cellular

4-protein and nitrogen experienced under limiting NH^ conditions is 
due to poly-g-hydroxybutyrate accumulation (57). Non-denitrifying 
bacteria growing under nitrogen-poor conditions have been shown (57)

4-to have a high affinity for the NH^ ion. This affinity has not been 

shown to be the result of a high affinity glutamine synthetase enzyme.
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but rather it is the. result of a high affinity NH^+ untake system5 
i.e.3 there is an efficient ^scavenging" of gaseous from the
air surrounding the culture (.57) . However 9 as seen in Figure 6, DDW 
cultures of P. cepacia grown with purified air were not significantly 

different from cultures grown with filtered room air. As inferred 
from Powers (.87) 5 this may indicate inefficient gas scrubbing. It 
would appear 3 however 5 that filtered room air 3 as compared to chemi
cally purified air, does not constitute an efficient source of nitrogen

+or carbon. Pseudomonas cepacia can use both and nitrate as nitro

gen sources (72).
Growth supplemented by the addition of appeared to be

influenced by changes in pH, with changes in concentration (the pH 

effects, if any, induced by P0^ and S0^ were tenuous). The opti
mum pH range for growth with (.NĤ ) ̂ 80^ was 7.1 - 7.3, at lOOmM the 
pH drops well below this optimum. According to Rogers and Whittier 
(31)3 the concentration of the undissociated acid of weak acids is the 
limiting factor rather than the hydrogen ion concentration, i.e., the 
total acid concentration increases as the limiting hydrogen ion concen

tration decreases. Of course, inhibition due to undissociated acids 

is dependent upon the buffer content of the growth menstrum and upon 
the state of the bacteria at inoculation (31) . Under conditions of low 
'nitrogen levels and restricted polysaccharide anabolism, it has been 

shown (32) that ammonium may actually accelerate death, and that this 
increased death rate is actually reinforced by S0  ̂ .
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As seen in Table 2, SO^ and PO^ contribute little to the 

enhancement of cultures grown in DDW, Both, compounds, may contribute 
indirectly to the formation of hexosamines, amino acids and nucleotides 

(68) o Many bacteria utilize sulfate as the prime sulfur source, with 

sulfate being reduced to the oxidation level of H^S (100). There are 
also numerous examples of phosphate utilization by cellular systems 

for energy control, catabolism, anabolism, repair, etc. (24, 25, 26,

63, 68, 72, 100, 103) . Goodwin (.45) has speculated that phosphate 
utilization is aligned with the events of cellular division, and that 
this "cellular periodicity" is related to changes in the concentration 
of phosphate that is available for assimilation.

When comparing the maximal growth induced by supplemented DDW 
with, the maximal growth, of an unsupplemented DDW culture, it was ob
served that just the carbon sources enhanced growth significantly.

Also, the of (NH^J^SO^ did not appear to induce a population1
significantly different from the unsupplemented DDW culture. Glycine 

gave the highest maximal population, although there was no significant 
difference between this maximum and those induced by ethanol and sodium 
acetate. Therefore, it would appear that supplementation with a nitro
gen source, e„g., glycine/(WH^)^SO^ had no significant effect on 
growth enhancement. Apparently carbon was the only limiting substrate 

required for growth in DDW.
Monod (73) stated that the rate limit of increasing concentra

tions of nutrients can fluctuate to a great extent with differing 
organic sources if they are compared under heterologous conditions.
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Since the data were collected and compared under similar circumstances.9 
the results are considered valid, i,e«, fluctuations in the rates of 

growth, induced by. the various supplements are not due to a variance in 

conditions, but due rather to the specific changes in metabolism re
lated to the assimilation and use of each supplement at the concentra
tion suppliedo

As noted in the results, variations in the source of supple
mentation did not affect cellular sizes, but the length of incubation 
did. Similar decreases in size coincident with nutritional inadequacy 
have been observed (78) . As the supply of a supplement is depleted 
over a period of time, changes in cellular metabolism occur (24, 25,

55, 56, 91). Depletion of nutrients often leads to a general cellular 
conservation, use of cellular stores or reserves, possible cryptic 

growth, and/or adaptation to the new minimal environment, e.g., diauxic 
growth (24, 50, 66, 76, 77, 79, 80, 92).

Pseudomonas cepacia is classified as an aerobic Pseudomonad (9, 
98, 99). This "aerobic^ organism appeared to have exhibited faculta
tive and anaerobic characteristics. In light of data supported by a 

rigorous system of controls, it was determined that this organism was 

growing at low partial pressures of dissolved oxygen. The Pseudomonas 

species are strictly aerobic and non-fermentative unless denitrifiers, 
e.g.. Pseudomonas aeruginosa (.9, 21, 40, 46, 98, 99). They are not 
considered to be facultative, i.e., capable of either fermentative or 
respiratory processes (72). Also, facultative organisms may carry
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superoxidemutases but are catalase negative; anaerobes lack both 
enzymes (.72 3 100). Although Pseudomonas cepacia 1054 is both catalase 
and oxidase positive (6)9 under low partial pressures of dissolved 
oxygen it appeared to use KNO^ as a final electron acceptor/anaerobic 
source of nitrogen.

Oxygen demand is dependent upon many different factors, e.g., 
inoculum size, pH and sources of nutrition (27, 41, 61). Halvorson 
(as cited by Grossowicz et al. , 49) showed that a heavy inoculum may 
induce an oxygen demand beyond its efficiency of dissolution in the 
medium; Stephenson (101) observed that late lag cells have a high 
rate of oxygen uptake related to cell numbers and cellular, mass. A 
positive correlation between the oxygen saturation constant and cellu

lar size was established by Longmuir (as cited by Dawson, 24), and it 
has been shown (24, 85) that the rate of oxygen assimilation is limited 

by cultural oxygen demand and not by the oxygen solution rate. Halvor
son (as cited by Grossowicz et al., 49) also related pH to oxygen 
demand, i.e., as the oxygen demand increases, the pH begins to rise.

The oxygen demand of P̂. cepacia, under both aerobic and anaero

bic conditions, appeared to be one of the limiting factors of its 
growth since1 forced aeration significantly increased the growth rate 
and cultural density. Unless stated otherwise, cultures were incubated 

under stationary conditions. Such conditions severely limit the amount 
of aeration, lowering the partial pressure of oxygen (dissolved oxygen 
content) in the liquid medium, with time (27, 109). Because growth was 

approximately equivalent in both anaerobic and aerobic situations, it
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appeared that the minimal environment utilized for growth. (PDW) may 
have induced enzyme systems capable of metabolizing normally unavail*^ 

able nutrients.
My observations (Figure 1) and those of others (17, 35) indi

cate that the bacterial population was limited, i„ee, the maximum 
population of DDW cultures never exceeded 10^ cells/ml. Limited 
growth has been correlated with limited oxygen uptake and limited 
nutrients (.24, 25). Limiting nutrients tend to decrease the oxygen 

demand of a culture grown in a minimal environment (49) . When con

sidered with oxygen availability versus nutrient use, population 
density is also a limiting factor (.55, 56, 72, 79, 91).

Carson et al. (17) have described the growth of Pseudomonas 
cepacia 1054 in commercially distilled sterile water at various 

temperatures, The data reported here for growth, in DDW does not vary 
from their data, and confirms Stanier/s et al. (98) description of 

the temperature dependent growth of 1?. cepacia (multivorans).
The effect of temperature on growth must be considered along 

with other concurrent factors, e.g., the type of media used for growth. 

Generally, growth, is rapid and of long duration at optimal tempera
tures; Above this point, the rate decreases as temperature increases, 
while growth may subside entirely as the minimum temperature is reached 

C24) . Changes in the maximal growth, rate at the extremes of the 
optimal temperature range were reported C85) as small and nonsignifi

cant. Dean and Hinshelwood have stated (.25) that below the optimum
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temperature (68) the rate of growth may change 2 to 3 times for each 
rise of 10 degress, while above the optimum temperature the rate may 
decline rapidly due to protein denaturation and/or concurrent enzyme 

inactivation„
The sequences of reaction which define growth, e.g., lag phase, 

etc., have individual "temperature coefficients", i.e., the temperature 
dependence of the rate in one growth phase is independent and/or 
different from the temperature requirement of the other growth phases 
(25). Therefore, changes in the lag phase with changes in temperature, 
as reported by Carson et al. (17) and this paper, are dependent upon 

the individual optimum temperatures of reaction associated with the 
particular phase of growth. (25), i.e., shortened or attenuated lag 

phases tend to imply that the optimum temperature of this growth phase 
is being approached and/or has been reached.

At assigned temperatures, cellular growth rates, constitution 
and size are also dependent on the growth medium (24). In fact, it 
has been stated (22) that the growth medium has more effect on the 
cellular make-up than temperature. For different growth media at 

different temperatures, Schaechter et al. (93) have grown cells with 
the same chemical compositions and approximately the same sizes. So, 
it appears that the effect of temperature on the growth of P_. cepacia 

may be dependent upon probable enzymatic changes with respect to the 
phase of growth, with, resultant probable changes in cellular permea
bility and dependence upon the media employed.
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Pseudomonas cepacia has been described (.9, 17) as a motile 
organism with. multitrichous9 polar flagella. According.to Leifson 

(64) 9 the majority of flora found in distilled water are polar flagel
lates. Carson et al„ (17) have described Pseudomonas cepacia (strain 

1)9 grown in nutrient broth5 as having polar multitrichous flagella.
As stated in the results 9 Pseudomonas cepacia 1054 grown in DDW had 
polar flagella. It was not possible to discern whether these were 
actually single flagella or a bundle of flagella similar to those 
reported by Larsen et al. (.60) .

Bacterial flagella consist of three different9 separated 
structures (585 649 689 72) . Whether or not a cell is flagellated 

is dependent upon several different factors. Low temperatures of 
incubation for flagella production is related to the growth rate^ with 

best results appearing during the log and stationary phases (after 
growth stops9 flagella tend to deteriorate at a faster rate than the 
cell proper) . Leif son (65) stated that the chemical composition of 

the growth media considerably influences flagellation. One of the 
greatest influences on flagellation is pH. Low pHs often damage or 
otherwise inactivate flagella (65). Cells may also be easily de- 
flagellated by either chemical or mechanical means. Deflagellated 
cells often regain their normal number and length of flagella within 
one generation (.99) .

As mentioned in the results 9 18h. cells grown in unsupplemented 
DDW and DDW supplemented with sodium acetate or glycine exhibited 
flagella, while those grown in TSB and ethanol-supplemented DDW did
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not. The metabolic intermediates of ethanol metabolism* e.g.* acetate* 
may actually lower the pH to those levels, unfavorable for flagellar 

formation and maintenance (49, 65). Subcultured cells have been 
previously shown (17* 35)) to have an extended lag phase as compared 
to cells grown in DDW. Therefore, those cells subcultured in TSB were 
not in the same phase of growth in 18h as those grown in unsupplemented 

and supplemented DDW* i.e. * these cells may have yet to reach the opti

mal phase of growth for flagella formation (65).
Although it was previously reported (17) that regardless of 

growth, phase NO cells were smaller than SC cells* 18h cells grown 
either in unsupplemented DDW or TSB approximated the same sizes. It 
is possible that this reflects the fact that cells subcultured in 

artificial media are not in the same phase of growth as those grown 
in DDW. Since TSB is generally considered an enriched medium (7), 

log phase cells would be expected to be larger than those growing in 
a minimal media; unless* those cells have yet to adapt to the new 
substrate (24, 44). Although, those organisms supplemented with sodium 
acetate* glycine and ethanol had no significant size differences when 
compared among themselves* they did have increased sizes when compared 
to cells grown in unsupplemented DDW or TSB. This tends to imply that 
some of the enzymatic machinery necessary for the metabolism of these 

structures is already present (44, 63* 99), especially since there 
was little or no lag phase with, these substrates.

Analysis of fresh, aged and bacteria-inoculated DDW for organic 

and inorganic constituents was a logical step in the investigation of
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growth, in this unique environment (as suggested by Thomas ? 106), In 
order to discuss the relationships of organic and inorganic content 

to bacterial growth,,it is necessary first to discuss their relation
ship to their glass containers, as also suggested by Thomas (106),
All glassware used for experimentation was Pyrex, a borosilicate glass 

(28). By weight, borosilicate is composed of 80.6% SiO^? 4.2% Na^)9 
0.1% CaO, 0.05% NgO, 12.6% B ^ ,  2.2% AlgO^ and 0.05% with
trace quantities of arsenic, antimony, H^O and various other

dissolved gases (28, 53).
Oxide glass has a surface structure whose interactions and 

reactions are dependent on unsatisfied oxide bonds which may react 
with atmospheric water to rapidly form -OH groups. Due to this 
phenomenon, the surface of these glasses is generally made up of 
metal hydroxyl groups (28, 53). Surface hydroxyl groups may also 

be replaced by halogens (28). These "dangling" oxide bonds may be 
involved in reactions with Grignard reagents, organosilicon compounds, 

diborane, AICCH^)^* esterifications, carboxylations and amminations 
(28). When these surface groups are exposed to water they act as 

very weak acids. Immersion in alkaline solutions gives the glass sur
face a net negative charge causing the adsorption of cations.

Chemical diffusion or ion-exchange in glass usually involves 
one of three reactions: 1) "cementation exchanges" where there is
an ion-exchange of nonalkaline earths, 2) "alkali exchanges" involving 
the diffusion of alkali metal ions and 3) "dealkalization exchanges"
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water leaches borate glass, the products formed consist not only of 

alkalis,' but also consist of Li^O, and MeO_oxides (69).
Both nitrogen and sulfate can be adsorbed and released by

\

borosilicate glasses (5). When immersed in water, N-H bonds are 
usually formed (69). At high temperatures, sulfur dioxide dissolves 

in melted glass, but in contrast to nitrogen, its solubility in
creases as the alkali concentration does, and decreases with increas
ing temperatures.

From the above, it can be seen that when DDW is maintained in 
Pyrex glassware some diffusion occurs. This diffusion and/or ion- 
exchange process may account for the differences between fresh and 
aged DDW components. This is especially true of glass being leached 

by water with an acidic pH (28, 42, 43). Component concentration 
differences seen in Table 3 between 216h uninoculated DDW and 216h 

post—inoculation DDW may also be partially ascribed to diffusion.
Changes in product concentrations could also be ascribed to bacterial 
presence and growth., assimilation, cryptic growth and true metabolic 

changes due to depletion and readaptation (24, 25, 73, 92). Bacteria 
are composed of 75%; water (23). Of the organic and inorganic compo

nents composing cells, carbon is 12.14%, hydrogen 9.94%, nitrogen 3.05%, 
oxygen 73.68%, phosphate 0.60%, magnesium 0.03% and the rest is trace 

elements, e.g., Fe, Cu, Mn, etc. (74). Therefore, changes in compo

sitional concentrations between 216h uninoculated DDW and 216h

49
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post-inoculation DDW would appear to be due solely to the presence and 

growth of the bacteria.
Another possible source of concentration changes is contamina

tion from the air on inoculation and transfer. By definition, air is 

78% N^s 21% 0^ and 0.03% CO^ (61). Air also contains 0.5ppm 2ppm 
CH^ and 0.5ppm (41).

In general, there are four groups of germicides employed in 
water treatment: 1) biologically degraded compounds, e.g., organic
compounds, 2) agents which bacteria are able to develop an adaptive 
resistance to, e.g., quaternary ammonium compounds, 3) germicides 
that are bacteriostatic at low concentrations, e.g., the heavy-metal 
compounds and 4) bacteriocidal agents that work rapidly, e.g., chlorine 

(19) . Since most waters are treated with Ippm free residual chlorine 
(89), it was decided to determine its effect upon _F. cepacia grown in 
DDW.

The outer electron shell of chlorine has a strong oxidizing 

activity. Because of this, its ease of liquification, its high rate 
of solubility and its ease of application, chlorine is an excellent 

disinfectant. On the addition of chlorine to water, hypochlorous 

(chlorine oxidizer) and hydorchloric acids are formed. Hypochlorous 
acid is further dissociated to H+ and 0C1 (19, 33, 62). Calcium
hypochlorite dissociates to form and 20C1 (33, 62) . The above

reactions are pH dependent, i.e., the amount of free available chlorine 

diminishes as the pH does (19). The initial pH drops as chlorine is 
added to water and increases as hypochlorites are added (62).
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Chloramines are formed when, chlorine is added to ammonia 
containing waters, but retain the oxidizing power of free chlorine 

(19, 33, 62)e The organic and ammonia chloramines have a lower redox 

potential than free available chlorine and are less reactive (.62) *

Again, these reactions are pH and temperature dependent (33, 62).

Although pH changes associated with free chlorine and chlora
mines may contribute to bacterial demise,, several other factors should 

be considered, e.g., concentration of the disinfectant, time of expo
sure, temperature, nature of the germicide, concentration of the 
bacteria and relative salt concentration (12, 33, 96). Chlorine-induced 
bacterial death may be due to enzymatic inactivation by reaction with 

H0C1 (.33) , According to Green (47) and inferred by Wyss (62) , triose- 
phosphate dehydrogenase is probably the focus of chlorine action. 
Presumably, it is the sulfhydryl groups which bear the brunt of oxida

tion (33, 47) as corroborated by Ingols et al. (62). Fair et al. (33) 
dissents, stating that the superiority of H0C1 as a disinfectant is 

due to its small molecular size and electrical neutrality, i.e., its 
predictably high rate of cellular diffusion as compared to other dis
infectants makes it peerless (62). The action of chloramine appears 
to follow that of chlorine except for mono chloramine, which may create 
chromosomal eccentricities and/or RNA changes (47, 62, 81). Mutagenic 

activity has also been associated with chlorination, the chloramines 

being less mutagenic than free chlorine (20).
An exposure of 30-60 minutes to approximately 3ppm of free 

residual chlorine caused the decline and death of J?. cepacia, while
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approximately 4ppm totally inhibited growth. (Figure 8), Cultural age 

appeared to influence the resistance of Cl, dependent on concentration, 

ile., at 192h. there was an increase in resistance to 1.5ppm chlorine 
(Figure 9). This change in chlorine resistance may be indicative of 
metabolic changes occurring during the latter stationary phase of 
growth (it might be recalled that this organism was maintained at a 

stationary population for 9 to 12 months, 17). Changes in motility 

had also been noted with, age, again indicative of late metabolic 
changes. Some evidence has also been presented (14) indicating that 
bacteria surviving chlorination are capable of repair processes.

There is a great disparity in the literature regarding minimal 
chlorine induced death points. Values varying from 0.15ppm for 15 

seconds to 67ppm for 30 minutes can be found (11, 12, 13, 16, 19, 51, 
62, 89, 107, 108, 110). Drinking water is usually treated with Ippm 
free residual chlorine (89). Most of these variances may be explained 
by differences in pH, type and concentration of chlorine used, time of 
exposure, temperature, cultural age, concentration of organisms, and 
genus, species and strain of the organism tested.

Carson et al. (16) have shown the NO cells of Pseudomonas 

aeruginosa to be slightly more resistant to CIO^ than the SC cells.
As shown in the results, the cultures of _P, cepacia grown in DDW and 
those subcultured in TSB varied in chlorine resistance. For example,
SC cells were resistant to 3.12ppm Cl for exposures up to 120 minutes, 

while cells grown in DDW declined after only 30 minutes exposure to
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3.12ppm Cl. This divergence may be ascribed to the differences, in 
species, growth, media, phase of growth, and concentrations of Cl used.

As previously mentioned, all cultures were grown in the dark. 
Only transfers were done in the light, and these were under fluorescent 
light. Under these conditions any influence photoreactivation may have 
had on growth, is negligible. Pseudomonas cepacia has been shown (18) 
to be reactivated by exposure to fluorescent light (depending on the 
length, of that exposure) after ultraviolet exposure. But, it also has 

been reported (.16) that exposure to fluorescent light lowers the NO 
bacteria’s resistance to disinfectants.

Generally, distilled water is considered to be composed only 

of H^O, i.e., devoid of nutrients. Of course this is dependent on the 
restraints imposed by production and storage. For example, water 
prepared in an all glass still has been reported (19, 36) to produce 

higher counts when inoculated with laboratory-line distilled water 
than the uninoculated laboratory-line distilled water, the chief orga
nism being a pseudomonad. Laboratory supplied, distilled waters are 

usually affected by the source of the virgin water, the distillation 
scheme, and use of a carbon filter/deionizing column, the storage 
vessel, the temperature of storage, length of storage and the mode 

of transference (43). Dependent on geographical location, the pH 
of laboratory distilled water may vary from 5.8 to 6.8. High quality 
waters usually have a specific resistance greater than 578,000 ohms 
at 18C (.43) » Commercially prepared distilled water has been deter

mined to have a resistivity of 647,000 ohms (17) 0
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Just as there are misconceptions about the composition of 
distilled water9 there are also misconceptions regarding the validity 
of laboratory results versus observations of the "true", natural 

environment (26) . Favero et al. (16, 17, 34, 35) have demonstrated 
numerous differences in the characterization of SC and NO populations 

of Pseudomonas species. Differences between organisms grown in DDW 
and those subcultured in and on artificial media have also been 
reported in this paper. It has been stated (105) that artificial 
conditions are invaluable for observing the capabilities of bacteria, 
but they may not reflect their actual modes of behavior in the natural 
environment.

From the above and previous statements (35), the natural 

environment may be defined as that environment from which an organism 
is first isolated. Since the sources of newly isolated material may 

be artificial (man-made), true differences between "subcultured" and 
"naturally occurring" bacteria are adaptative differences, i.e.,

"...any set of characteristics shown by a species are adaptive in that 
they fit that organism better than any other to an environment to which 

it has access now or has had access in its past history" (114).
Usually a'medium, natural or artificial, selects specifically for 
those organisms capable of survival and growth within that medium.
The resultant progeny are highly select individuals characteristically 
different from those found in the previous environment (25, 114). This 

must be kept in mind when establishing criteria for disinfection, 

disinfectant testing and classification (29, 35, 95).
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